The structure and phase of the Al 2 O 3 scale that forms on an Fe 3 Al-based alloy found between the bands. Extended oxidation produced a double-layered scale structure, with a continuous layer at the scale/alloy interface, and a / layer at the gas surface. The mechanism for the formation of Al 2 O 3 scales on iron aluminide alloys is discussed and compared to that for nickel aluminide alloys.
I. INTRODUCTION
A slow growing, adherent and chemically stable oxide layer is an essential component of any metal alloy that is designed for high-temperature operation. For most Al-containing high-temperature alloys and coatings, including for example Ni-based superalloys, Ni or Fe aluminides and FeCrAl alloys, this layer is composed of Al 2 O 3 . The aluminides, being high temperature intermetallics, have been vigorously pursued since the early 1950s for aerospace and power-generation industries due to their high melting points and low densities. Although their brittleness, especially at ambient temperatures, and low strengths at high temperatures have greatly hindered their applicability, NiAl has been successfully used as an oxidation resistant coating, and Ni 3 Al and Fe 3 Al-based materials are being commercialized for applications such as industrial heat treatment equipment and hot gas filters [1] . The development and evolution of Al 2 O 3 scales on NiAl has been studied extensively by TEM, but there are comparatively fewer studies of this process for FeAl. Past works on the scale development on NiAl and FeAl are first summarized below.
On -NiAl, Doychak et al [2] studied the oxidation of (001), (012), (011) and (111) single crystals containing 0.1wt% Zr using plan-view TEM specimens. The major oxide phase was identified as -Al 2 O 3 within 10 hrs at 800 o C and 0.1 hrs at 1100 o C, although some phase may be present between 0.1-1 hr at 800 o C. On all alloy orientations, the scale formed epitaxially, whereas the degree of preferred orientation decreased with oxidation time. The same alloy was also studied by Rybicki and Smialek using X-ray diffraction [3] and found the transition alumina to be -Al 2 O 3 , which later transformed to -Al 2 O 3 . The time at which this transformation took place was shorter at higher oxidation temperature. Later, Yang et al [4] , using conventional and high resolution cross-sectional The -Al 2 O 3 had a platelet type morphology and the oxide/alloy interface was coherent.
With further oxidation, randomly oriented -Al 2 O 3 grains nucleated at the scale/alloy interface [5] . Similar TEM studies have not been performed on FeAl alloys. Smialek et al 4 [6] studied the oxidation behavior of Fe-40Al doped with Hf, Hf+B or Zr+B between 900-1100 o C and found, using XRD, the Al 2 O 3 scale to be a mixture of and -Al 2 O 3 .
For '-Ni 3 Al, an external layer of Ni-rich oxide was always detected, beneath which is the Al 2 O 3 layer. Like the Al 2 O 3 that forms on -NiAl, this Al 2 O 3 layer may have started as the form, and then later transformed to the more stable phase. Kuenzly and Douglass [7] studied oxidation of polycrystalline '-Ni 3 Similar alumina phase transformation from to seem to also occur on -FeAl.
In contrast to the detailed knowledge of the evolution of the alumina scales on - 
II. EXPERIMENTAL METHODS
The major alloy studied was developed and made at Oak Ridge National Laboratory with a nominal composition of Fe-28Al-5Cr (in atomic %), where the Cr is added to the Fe 3 Al alloy to increase its ductility [14] . Actual composition determined by inductively coupled plasma-emission spectroscopy confirmed these values, with 27.88 at% Al and 4.98 at% Cr. The major impurity was Si, at a level of 0.03 at%, and GDMS (glow discharge 6 mass spectrometry) analysis found 34 ppma S, 48 ppma N and 68 ppma O. The alloy was prepared by arc melting and casting, followed by hot rolling to a final thickness of 1.4 mm.
A Fe-28at%Al alloy, without the Cr addition, and a Ni-50at%Al alloy were also investigated under photoluminescence spectroscopy for comparison. These alloys were prepared similarly by arc melting, casting and annealing. Specimens were cut from the annealed ingot.
For plan-view TEM samples, 10 × 10 mm pieces were first cut from the rolled sheet and then ground to a thickness of 0.2 mm. For cross-sectional specimens, the thinned pieces were further cut into 2 × 10 × 0.2 mm strips. Before oxidation, one side of each prepared specimen was polished using diamond paste to a 1 µm finish, followed by ultrasonically cleaning in acetone.
Oxidation runs were performed in a horizontal furnace pre-heated to the oxidation temperature, 900 or 1000 Plan-view TEM samples were prepared by punching 3 mm diameter discs out of the oxidized thin specimen. Each disc was then dimpled and ion-milled from the alloy side.
For cross-sectional TEM samples, the technique similar to that developed by Tinker and Labun [15] is used, where two oxidized strips were glued together with oxidized sides face to face using M-Bond 610 adhesive. emission line. The 488 nm line of an argon ion laser was used for excitation and a 0.75 m double spectrometer was used for detection.
III. RESULTS
As expected from previous reports [11] , the between the film and the substrate was smooth and abrupt, without secondary phases, nor was sulfur detected, similar to previous results using AES that showed the interface at this stage is impurity free [13] . Similar compositions and structures were observed on specimens oxidized at 1000 o C for 3 minutes. In Fig. 2 , the film is seen to be composed of The strong intensity diffraction loci found for the 4.5 min and 35 min scales appeared only on specific diffraction rings, e.g. those indicated by arrows in Fig. 6b .
Reducing the selected area to a 1.8 µm diameter made the 3-or 6-fold loci more prominent, Both sets of diffraction spots fit perfectly with the strong intensity loci in Fig. 8a . The fact that the diffraction pattern in Fig. 8b was frequently seen in both 4.5 and 35 min oxidation films implies a possible intergrowth of the two phases with fixed orientation relationships within the bands.
13 Noticing that the plan-view samples were thinned from the substrate side and the final sample thickness for TEM was only a few tenths of the whole scale thickness in this case, it is possible that grinding and ion milling from the substrate side removed the -phase layers that were present near the interface (similar to the structure shown in Fig. 4) . It is therefore safe to conclude that at least near the top surface area, the major phases were specimen is included in Fig. 11 . However, the peak intensities compared with that from the Cr-containing Fe 3 Al oxidized under the same condition were significantly lower; we attribute that to a lower concentration of Cr in the scale. 
IV. DISCUSSION
Unlike Ni 3 Al, where NiO and Ni-Al spinels were often found at the outer scale surface [7] [8] [9] alloy, without any Cr addition, has also been found by EDS/SEM and X-ray diffraction [16, 19] Before oxidation, a room temperature, or native, oxide thin film exists on the alloy surface, as observed by AES depth profile, similar to those shown in Fig. 1 . This layer is only several nanometers in thickness and consists of all the alloying elements, similar to that reported for a Fe-20Cr-10Al alloy [22] . During heating, crystallization of the native oxide must occur, and, according to the AES depth profile seen in Fig. 1 The presence of the rod-shaped bands mixed in an Al 2 O 3 oxide layer has rarely been observed on other alloys, although similar phenomenon was reported in scales formed on NiCrAl [23] . The fact that these bands disappear with oxidation time indicates that they are formed during the initial stage of oxidation. When NiAl is oxidized under low P O2
with doses of oxygen, rod-shaped oxides are formed along the substrate [001] direction, leaving unoxidized regions in between [24, 25, 26] . The preferential growth direction of these rods on the alloy surface is a result of strain minimization. When an initial amorphous Al 2 O 3 layer exists on the alloy surface prior to heating, the rods are nucleated by the crystallization of this layer at intermediate temperatures [24] . forms on Fe-28Al during the early stages of oxidation (Fig. 11) , where there is no Cr in the alloy. These results are in agreement with the earlier proposals [12, 11] 
